Objectives: Small subcortical infarcts (SSI) frequently coexist with brain white matter hyperintensity (WMH) lesions. We sought to determine whether preexisting WMH burden relates to SSI volume, SSI etiology, and 90-day functional outcome.
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| INTRODUCTION
It has been suggested that lacunar infarctions are more appropriately described by the term small subcortical infarction (SSI) because SSI have an uncertain fate: They have been shown to evolve into lacunar cavities, hyperintense lesions on T2-weighted sequences, or even leave little visible traces on conventional magnetic resonance imaging (MRI).
1 Based on consensus, SSI have been in part defined as a recent infarction within the territory of one perforating arteriole that should be <20 mm in its maximum diameter in the axial plane. 1 However, there exists uncertainty regarding the definite upper size limit for SSI and factors that impact SSI size are poorly understood. 1 Yet, a better knowledge of these factors is important because SSI morphology and size may provide clues regarding potential underlying mechanisms and clinical outcome. [2] [3] [4] SSI are related to small vessel disease (SVD)-related pathology, and patients with SSI frequently have vascular risk factors such as hypertension, dyslipidemia, diabetes mellitus, and tobacco smoking.
5-7
White matter hyperintensity (WMH) lesions share these vascular risk factors. 1, 8 Accordingly, it may not be too surprising that the majority of patients with SSI have concomitant WMH. 7 This may be an important observation because WMH has been associated with greater ischemic lesion size and worse outcomes after large arterial occlusion.
9,10
However, there is a paucity of data regarding the potential association of preexisting WMH lesion burden with SSI volume and functional outcome.
To better understand this issue, we sought to test the hypothesis that a greater WMH lesion burden is associated with a larger SSI size as well as a worse 90-day functional outcome. In addition, we sought to determine potential clinical and imaging variables that may differentiate SSI related to SVD vs non-SVD.
| MATERIALS AND METHODS
| Study population
This study was reviewed and approved by our Institutional Review
Board. We retrospectively analyzed consecutive patients with acute supratentorial, subcortical ischemic stroke as shown in brain MRI obtained between 24 and 168 hours since symptom onset for reliable determination of DWI-positive infarcts. 11 All patients were prospectively included in our single academic center stroke registry between January 2013 and October 2014.
Patient demographics, laboratory data, comorbidities, preadmission medications, and stroke etiology (according to the Causative Classification System for Ischemic Stroke [CCS] 12 ) were collected on all patients. NIHSS scores were assessed at the time of presentation. In all patients, we determined type of lacunar syndrome based on patient description and neurological examination findings.
13
The mRS was assessed at the time of presentation (preadmission mRS), and at 90-days follow-up by a stroke-trained physician or stroke study nurse certified mRS using a simplified questionnaire algorithm. 14 When the mRS was unavailable, the same observers reconstructed the score from the case description, according to the mRS criteria. We adhere to the STrengthening the Reporting of OBservational studies in Epidemiology (STROBE) guidelines (www.
strobe-statement.org).
| Neuroimaging protocol
Brain MRI included T1-, T2-, and fluid-attenuated inversion recovery (FLAIR) sequences as well as DWI. MRI was performed on a 1.5
Tesla scanner (GE Signa; GE Medical Systems, Milwaukee, WI 
| Image review and analysis
Images were reviewed independently by experienced readers (JH, NH) blinded to both clinical data and any follow-up scans. Lesions that were hyperintense on DWI and hypo-intense on the apparent diffusion coefficient (ADC) maps were considered acute ischemic lesions.
15
Small subcortical infarcts were defined as a recent subcortical infarct within the territory of penetrating arteries in the deep gray or white matter and without known focal pathology in the parent artery at the site of origin of the penetrating artery. Lastly, we quantified the number of cortical and subcortical microhemorrhages on GRE images as previously detailed. 
| Statistics
| Univariable analyses
| Multivariable analyses
To test our primary hypothesis that WMH burden is independently associated with the size of SSI volume after adjustment for other covariates, we constructed two preplanned multivariable linear regression analyses. To avoid model overfitting, we used backward elimination (likelihood ratio). First, we adjusted for variables known to be associated with infarct volume: admission glucose level, rtPA use, age, and history of hypertension and atrial fibrillation. 15, 21 We also considered the SSI mechanism as determined by the CCS by adjusting for SVD vs non-SVD-related etiology (model 1). In a second model, we additionally adjusted for the admission NIHSS and preadmission mRS, which are known to correlate with infarct extent, deficit severity, and 90-day functional outcome (model 2).
To address our second hypothesis, we constructed two separate multivariable logistic regression models with backward elimination to determine whether WMH burden was independently associated with a poor 90-day functional outcome (mRS 3-6 Table S1 ; P=.815). The baseline characteristics of the study population as stratified by WMH severity are summarized in Table 1 .
| RESULTS
| Recruitment
| The WMH lesion burden is independently associated with the SSI volume
Overall, there was a high correlation between the infarct volumes In unadjusted analyses, the infarct volume was not associated with age, patient sex, preadmission medications, preexisting risk factors, 
| Clinical and imaging characteristics associated with SSI etiology and multiple SSI
Using the CCS system, we categorized the SSI etiology as SVD vs non-SVD related. In univariable analyses, there was no 
| WMH lesion burden is independently associated with the 90-day outcome after a SSI
Patients with severe WMH (P=.003) and those with non-SVD-related stroke etiology (P=.038) had significantly worse 90-day outcomes (Fig. 2D) . After adjustment, WMH severity (P=.007) and SSI etiology (P=.012) remained independently associated with a poor 90-day outcome in model 1 ( (Table S2 ).
| DISCUSSION
The main findings of our study are that greater WMH burden is independently associated with larger SSI infarct volumes as well as a poor 90-day outcome after an SSI. In addition, we found that non-SVD etiology is associated with a worse prognosis in SSI patients.
The observation that a non-SVD stroke etiology was associated with a poor 90-day outcome in our cohort highlights the importance of carefully determining the underlying cause of an SSI. Yet, while our finding is intuitively expected and possibly related to underlying worse large artery and cardiac health (as indicated by the frequent presence of a stroke mechanism related to cardioaortic embolism and large artery atherosclerosis), the overall association of these factors with the outcome in our cohort was weak, none of these patients suffered a recurrent stroke (a frequent concern), 22 and restricting the analyses to patients that were alive by day 90 did not meaningfully change our results. Hence, probably more important outcome predicting variables in SSI may be the preexisting functional reserve. In this respect, the WMH lesion burden, which is thought to represent a marker of general brain health that has been associated with cognitive decline and dementia, 1, 8, 23, 24 is of particular interest. Accordingly, future studies investigating the association between WMH and outcome among patients with SSI may benefit from including detailed neuropsychological evaluations. This may help understand the possible contribution of preexisting cognitive sequelae, which are not readily detected by standard stroke scales such as the mRS and NIHSS 15 on functional outcome and disability.
It has previously been shown that distinct lacunar syndromes such as dysarthria-clumsy hand and pure sensory syndrome are associated with better outcomes. 25, 26 Although we also found that these syndromes were more frequently represented in the group of patients with a good 90-day outcome, there was no overall difference in the distribution of lacunar syndromes and outcome or outcomeprediction variables such as the WMH and SSI etiology. Nevertheless, given our modest sample size results should be interpreted cautiously and future studies including larger sample sizes will be required to draw firm conclusions.
One mechanism by which WMH may contribute to a worse outcome relates to its association with larger infarct volumes. Indeed, a key finding of our study was that the WMH is a strong, independent predictor of the infarct volume consistent with prior investigations in large hemispheric strokes. 9, 10 Potential mechanisms by which WMH may increase SSI volume could be related to systemic phenomena The interaction term of white matter hyperintensity (WMH) lesion burden × infarct volume and the presence of multiple SSI were not retained. Finally, entering large artery atherosclerosis, cardioaortic embolism, and small arterial occlusion in lieu of the non-small vessel disease (SVD) small subcortical infarct (SSI) mechanism did not meaningfully change the models, whereby the presence of SVD-related SSI etiology was associated with a favorable outcome (P<.05 in each model). Strengths of the present study include a well-characterized, homogenous patient population and the collection of extensive clinical information. Furthermore, we adjusted our analyses for key factors that have been associated with a poor post-stroke outcome including the use of blinded planimetrically determined infarct volumes.
Limitations of our study relate to restriction of analyses to anterior circulation infarcts, and it remains to be shown whether the noted associations also extend to posterior circulation ischemic strokes.
The overall number of included patients was modest but consistent with the sample size of prior investigations of SSI 3, 32, 33 ; and to our knowledge, our study is the only that utilizes the CCS-based stroke classification system, which has the major advantage that it minimizes rater bias by integrating multiple aspects of ischemic stroke evaluation in a probabilistic and objective manner and it is increasingly used in scientific investigations. This allows for more reliable comparison of our findings with other investigations using the same classification system. Nevertheless, a possible limitation of the CCS relates to the fact that it may incorrectly classify some patients with multiple SSI to have a non-SVD-related stroke mechanism, which may not be uniformly the case. 12, 17 We did not conduct a detailed assessment of the SSI location and lesion pattern, which may provide additional insight into SSI pathophysiology. 34, 35 Further, consistent with the definition of SSI, infarct volumes were overall small, which may result in overproportional impact of measurement errors as compared to large arterial infarctions. However, we demonstrate that inter-rater reliability was high with a bias of <1% of the average lesion size. Lastly, given our retrospective research question and the relatively small sample size, the power of our analyses is limited and observations should only be considered hypothesis generating. Accordingly, further prospective study is required to corroborate our findings.
In conclusion, our results indicate that a greater WMH burden is independently associated with a larger infarct volume as well as a worse 90-day outcome after an SSI. In addition, we found that a non-SVD etiology is associated with a worse prognosis in SSI patients.
Studies aimed at investigating SSI pathophysiology and related outcomes may benefit from considering the preexisting WMH lesion burden.
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